Background. Brain death diagnosis relies on clinical signs, but confirmatory tests are legally mandatory in some countries. In France, transcranial Doppler (TCD) is not recognized as a legal test to confirm brain death. Nevertheless, experts recommend its use to determine the need for a legal confirmatory test. The aim of this study was to test the hypothesis that TCD shortens the time between clinical brain death and computed tomography angiography (CTA) confirmation. Methods. We conducted a prospective randomized controlled study to evaluate the benefit of a TCD-directed strategy before performing the CTA to confirm brain death. Once the clinical diagnosis of brain death was established, subjects were randomized in a conventional group (CTA 6 hr later as recommended in France) or a TCD group (TCD examination every 2 hr until intracranial brain death flow patterns were found). Forty-four subjects were needed to show a difference of 2 hr between the two strategies. Results. TCD strategy resulted in a shorter time between clinical diagnosis of brain death and CTA confirmation compared with conventional strategy (2.0 [1.3Y2.6] vs. 7.2 [6.3Y9.5] hr, PG0.0001). The number of brain CTA performed to confirm the diagnosis of brain death was not different between groups. Conclusions. Our results suggest that TCD-directed strategy allows reducing the time between clinical diagnosis of brain death and CTA confirmation.
B
rain death is defined as the irreversible destruction of all brain functions. This results from a complete and irreversible cessation of cerebral circulation. Clinical diagnosis is based on a prolonged absence of both brain stem reflexes and spontaneous breathing in a nonsedated and nonhypothermic subject. Confirmatory tests of brain death are mandatory or optional depending on the country (1).
These tests are performed to show the absence of brain function or cerebral blood flow. In France, a confirmatory test showing a lack of cerebral perfusion or no electrical activity is required. Most of the time, a computed tomography angiography (CTA) is performed because of a lower invasiveness, wider availability, and greater rapidity. CTA criteria of brain death were defined in 1998 and based on a lack of opacification of 7 intracerebral vessels: pericallosal arteries, cortical segments of the middle cerebral arteries (MCAs), internal cerebral veins, and one great cerebral vein (2) . These criteria were simplified recently to keep the lack of opacification of the cortical segments of the MCAs and the internal cerebral veins (3) . Recommendations of the French Society of Neuroradiology state that a 6-hr period must be respected between clinical diagnosis of brain death and CTA (4) . However, this guideline is not supported by scientific data. Transcranial Doppler (TCD) allows the assessment of cerebral circulation in brain-injured patients. Specific flows are described in brain-dead patients: oscillating flow, systolic spikes, and absence of flow that was previously seen (5) . A meta-analysis found a very good sensitivity and specificity to predict brain death (6) . Despite these characteristics, TCD has no legal value to confirm the diagnosis of brain death in France. However, experts recommend that TCD should help to decide when to perform CTA (7) .
Reduction of the time between clinical brain death and confirmation by a legal test could offer many benefits. Families experiencing the death of a relative in an intensive care unit (ICU) (8) or organ donation after brain death (9) experience high prevalence of posttraumatic stress disorders. In this case, time reduction could diminish the stress caused by the waiting time. Influence of the time between brain death and organ procurement is still debated. After brain death, hemodynamic deterioration and collapse lead to cardiac arrest (10) . Therefore, a shorter time between brain death and transplantation could improve the quality of grafted organs. In most countries, ICU bed availability is a problem leading to early discharge of patients and unfavorable outcome (11) . Reducing the time between clinical brain death and confirmation would free ICU beds earlier, decreasing the high occupancy of units.
Here, we conducted a clinical trial to evaluate the time saved by a TCD-directed strategy to determine when to perform CTA for brain-death confirmation.
RESULTS
Between January 2009 and January 2011, 70 patients were screened, and 44 patients were included, 22 in each group (Fig. 1) . Median age (range) was 55 years (18Y80). The causes of brain death were stroke (n=13), subarachnoid hemorrhage (n=14), and brain trauma (n=17). The median time between the admission in the ICU and clinical diagnosis of brain death was 23.5 hr (14.9Y62.9). Organ retrieving was performed in 21 cases, 12 and 9 in the conventional and TCD groups, respectively.
Demographic data were not different between groups ( Table 1 ). The time between ICU admission and clinical brain death was similar in the two groups: 24.5 hr (15.5Y66.3) vs. 22.5 hr (13.8Y60.4), P=0.70. The time between clinical brain death and confirmation by CTA was 2.0 hr (1.3Y2.6) compared with 7.2 hr (6.3Y9.5) in the TCD and conventional groups, respectively, PG0.0001 (Fig. 2) . The time between ICU admission and CTA did not reach statistical significance between the groups (P=0.48). The number of brain CTA performed to confirm the diagnosis of brain death was not different, one in each group. In the TCD group, one patient needed two CTAs to confirm brain death.
In 21 cases, only one TCD examination was performed. One subject needed three TCD examinations before flow patterns compatible with cerebral circulatory arrest were found. The extracranial and intracranial arteries flow patterns found before CTA are described in the Table 2 . Internal carotid arteries' flows were normal and slightly abnormal in 66% of examinations. Signal previously seen was absent in the anterior cerebral circulation in 50%. This proportion was higher in the posterior circulation reaching more than 80% in the vertebral and basilar arteries.
During the time between clinical diagnosis of brain death and CTA confirmation, the amount of hypotonic fluid was higher in the conventional group: 170 mL (0Y1000) versus 0 mL (0Y0), P=0.002. The amount of normal saline and colloids was not different, 500 mL (0Y500) vs. 250 mL (0Y500) for the conventional and Doppler groups, respectively. Norepinephrine requirement was not different between the two groups. In the 21 subjects from whom organs were retrieved, no differences were found for all these parameters.
DISCUSSION
This study reports for the first time, to the best of our knowledge, that TCD reduces significantly the time between clinical diagnosis of brain death and CTA confirmation. TCD is not considered a legal test to confirm brain death in France. Nevertheless, it can help to determine when to perform the legal confirmatory test. This benefit is not offset by an increase in the number of CTA. It is difficult to compare our results with previous studies because there are major differences in the management of brain-dead subjects over the world. Soldatos et al. (12) reported a period of 45 min between clinical diagnosis and TCD confirmation of brain death. Subsequently, TCD findings were confirmed by a four-vessel angiography. In our study, we did not measure accurately the time between clinical diagnosis of brain death and occurrence of specific flow patterns because we did not perform continuous TCD examination.
We used the flow patterns of brain death described originally by Ducrocq et al. (5) in 1998. These criteria permitted to predict brain death in 21 of 22 cases. Several studies showed the good sensitivity and specificity of these criteria (6, 13, 14) . Interestingly, the flow patterns were different between the anterior and posterior intracranial arteries. The patterns found in the vertebrobasilar arteries are usually seen later in the process of cerebral circulatory arrest. Therefore, it seems that, in our population, cerebral circulatory arrest occurred earlier in the posterior circulation. This finding was reported previously (15) . The interest of carotid arteries' flow analysis to establish the diagnosis of brain death is still debated. In our study, more than half of the flows were normal or slightly abnormal using the transcervical approach. This figure is higher than the percentage found previously by de Freitas et al. (16) . Several reasons could explain this difference. First, TCD was performed earlier after the clinical diagnosis of brain death in our study, and it is known that brain death flow patterns appear later in the internal carotid arteries. Second, internal carotid artery insonation was made by two different approaches. However, we cannot rule out carotid arteries when brain death is suspected. In patients with poor temporal bone window, it seems that it can help to diagnose brain death. Conti et al. (17) found that examination of the carotid arteries by transcervical and transorbital approaches increased TCD sensitivity. In this study, because TCD was performed before clinical and mandatory tests confirming brain death, it is difficult to highlight a benefit in terms of time.
However, our study should be interpreted with caution. First, the French law concerning management of braindead subjects regulates the use of TCD. Despite its good sensitivity and specificity, it can only help decide when to perform the legal confirmatory test. However, in some countries, TCD is recognized as a confirmatory test. Second, we cannot extrapolate our results to all brain-dead subjects. Confirmatory tests for determining brain death can lead to conflicting results. Some assess brain function such as electroencephalogram (EEG), whereas others such as angiography evaluate brain perfusion. Patients experiencing brain death after cardiac arrest and craniectomy are reported to exhibit clinical signs of brain death confirmed by EEG, although cerebral blood flow is still present. Recently, Visenzini et al. (18) reported the case of a patient showing the clinical signs of brain death after a trauma, having undergone a decompressive craniectomy. TCD showed normal intracranial flows despite a flat EEG. Hadani et al. (13) reported the same problem in patients experiencing clinical brain death after postanoxia encephalopathy. Thus, our results are valid for patients having an intact skull and no postanoxia encephalopathy.
The influence of the time between brain death and organs retrieving on the outcome of the graft is still debated. For some, a shorter time improves graft function because brain-dead subjects become more hemodynamically unstable (19, 20) . Others advocate that a longer time allows the evaluation and the resuscitation of organs after optimization of the blood pressure and oxygenation (21, 22) . Our study shows that TCD use decreases the amount of hypotonic fluid during the time between clinical brain death and the CTA confirmation. This work was not powered to answer the question of a relation between the amount of fluid and the graft function. Further studies are needed to evaluate the potential benefit of TCD-directed strategy on transplant outcome. Relatives of a brain-dead subject are prone to present posttraumatic stress disorder (6, 7). Reducing the waiting time could help them in the process of death acceptance because it was previously shown that posttraumatic stress disorder was correlated to negative experience during the donation process (23) .
In conclusion, our study shows that TCD reduces the time between clinical brain death and CTA. Further investigations are needed to evaluate if this strategy improves the outcome of grafted organs and decreases the anxiety of the waiting families.
MATERIALS AND METHODS
This prospective, randomized, controlled study was approved by the local ethic committee (Comité de Protection des Personnes Sud Médi-terranée V). As part of the multimodal neuromonitoring, a TCD was performed in all patients eligible for the study. After appropriate consent of the next of kin, we included patients older than 18 years showing (14) 1 (4) 18 (82) all the signs of clinical brain death (fixed dilated pupils and absence of spontaneous breathing without sedation or hypothermia). Absence of spontaneous breathing was confirmed by an apnea test. During this one, the patient was disconnected from the ventilator while continuous oxygen insufflation through the tracheal tube prevented hypoxia. During 15 to 20 min, a physician checked the absence of spontaneous breathing. At the end of the test, a blood gases analysis must have shown a PaCO 2 of at least 60 mm Hg (7). As recommended, this was the time the patient was considered clinically brain dead. We did not include patients having a decompressive craniectomy, external ventricular drains, postanoxic encephalopathy, and lack of bone window because this latter condition precludes TCD realization. Clinically brain-dead patients were randomly assigned to conventional and TCD groups by a randomization list. The allocation group was not concealed for the ICU staff. The conventional management consisted of performing the CTA 6 hr after the clinical diagnosis of brain death as recommended by the French Society of Neuroradiology. In the TCD group, CTA was performed when brain death flow patterns were found. Color-guided TCD was performed as a routine examination for all braininjured patients as part of the multimodal neuromonitoring. An ATL 5000 HDI ultrasonograph (Philips Medical Systems, Best, The Netherlands) with a 2-MHz probe was used. The transducer was placed on the temporal bone window to detect the MCAs and on the suboccipital window to detect the basilar and vertebral arteries according to the technique described by Aaslid et al. (24) . The presence of a specific TCD flow pattern such as a reverse diastolic flow, very small systolic spike without diastolic flow, or no signal in the MCAs and vertebrobasilar arteries was considered to be characteristic of cerebral circulatory arrest. During the study, transcervical insonation of the extracranial carotid arteries was also performed. A stable systolic blood pressure higher than 90 mm Hg was maintained throughout the study. TCD was performed immediately after the clinical diagnosis of brain death, and then every 2 hr until brain death flow patterns were found. When brain death flow patterns were shown on the TCD examination, CTA was performed as soon as possible. Multidetector CT scans were acquired following the protocol described previously (3) . Briefly, after a lateral topography, three similar acquisitions were planned starting at the C1-C2 level to the convexity. The first phase was without injection of contrast. A contrast medium was injected through a central line. The second and third scans were then obtained, starting 20 and 60 sec after the contrast medium injection started. The same geometric parameters were used to allow further subtractions. Images were acquired with a section thickness of 1 mm. Contiguous axial images (5 mm) were then reconstructed. Subtractions of the precontrast and postcontrast series and sagittal reformations were performed as needed. In both groups, a senior radiologist, blinded concerning the randomization group, interpreted the CTA. The diagnosis of brain death was established using the Dupas et al. (2) criteria until December 2009 and then the simplified criteria (3) . If the CTA showed a persistent brain perfusion, it was repeated 6 hr later. We considered the time of confirmation of brain death as the time when CTA was performed.
As a primary objective, we measured the time between clinical brain death and CTA confirmation. As secondary objectives, we collected the flow patterns on the different arteries, the amount of fluids infusion, and norepinephrine requirement (maximal rate and increase in infusion rate).
Because we expected a 2-hr difference between the 2 groups, a sample size of 44 patients was needed to obtain a power of at least 90%, a standard deviation of 2 hr, and significance at the two-sided 5% level. Data are expressed as median and interquartile range. Quantitative data were compared using the Mann-Whitney U test; and qualitative data, using the Fisher exact test. A P value less than 0.05 was considered significant.
